Summary. The effect of cationic amino adds, i.e. L-arginine and L-lysine, on protein synthesis in isolated rat islets of Langerhans has been investigated. Except for prosomatostatin, the formation of islet proteins is strongly depressed by these amino adds. This effect can be demonstrated within a few minutes and is rapidly reversible. For proglucagon, effident concentrations of arginine are in the range of 1 to 10 mmol/1. The sensitivity of proinsulin formation to arginine is glucose-dependent: at 2.5 mmol/1, inhibitory concentrations of arginine are 10-fold lower than in the case of proglucagon. High glucose (20 mmol/l) almost completely protects proinsulin synthesis from this inhibition. The proteolyfic conversion steps in hormonal precursor processing are not influenced by cationic amino acids as studied in intact islets and in a cell-free translational system. It is concluded that arginine and lysine inhibit protein synthesis in islet cells at the translational level. The release of these amino acids by prohormone conversion may exert a feed-back control on proinsulin formation that is modulated by glucose.
The intracellular conversion of prohormones is catalysed by specific proteases that recognise pairs of basic or cationic amino acids, i.e. arginine and lysine, at the prospective cleavage sites [1] . So far, it is not quite clear whether cationic amino acids that are released by this process are of any physiological importance.
Like several other amino acids, exogenously supplied arginine and lysine show a stimulatory action on the release of insulin, and arginine is also known to be a potent stimulus of glucagon secretion [2] . From biosynthetic studies, no evidence has been obtained for a concomitant stimulation of the synthesis of these hormones. Surprisingly, arginine has been reported to inhibit the formation of proinsulin [3] as well as that of glucagon [4] .
Here, the action of arginine and lysine on islet protein synthesis has been investigated by incorporation of highly active (35S)methionine as a very sensitive indicator reaction. Only short labelling periods were thus employed at the end of the various incubation regimens. Labelled precursor proteins including preproinsulin and proinsulin [5] , proglucagon [6] and prosomatostatin [7] were subsequently separated by gel electrophoresis and visualised by fluorography. The exclusive determination of proinsulin II by incorporation of (35S)methionine can be regarded as representative for insulin biosynthesis [8] .
By this biosynthetic approach, the action of cationic amino acids was characterised including the timeand concentration-dependency, the specificity with regard to other amino acids, the site of action within the biosynthetic pathway, and the interaction with glucose.
Materials and methods

Tissue preparation and incubation
Pancreatic islets were isolated from inbred Wistar rats (180-350 g) by a modified collagenase procedure [9] (collagenase from dostridium histolyticum, Serva, Heidelberg, FRG). If not stated otherwise, batches of 100 islets were preincubated in 1.0 ml Hanks' buffer, t mg bovine serum albumin (BSA) per ml, supplemented with glucose and amino acids as described for individual experiments. Thereafter, islets were pelleted, washed and incubated for 10 rain in 100 ~xl Hanks'buffer/BSA containing approximately 10 IxCi (35S)methionine (> 800 Ci/mmol, New England Nuclear, Dreieich, FRG) and the indicated additions. All incubations were done at 37 ~ Lysis of islets, sodium dodecylsulfate-polyacrylamide gel electrophoresis and fluorographic detection of labelled proteins have been described [5] . For quantitation of labelled prohormones, the respective bands were excised from fluorographed electrophoresis gels, dissolved in 500 ~tl 30% H20: at 70~ overnight and counted in 10 ml Scinit-gel (Roth, Hanau, FRG). Batches of 100 islets were preincubated for 60 min without (left panels) or with 10 mmol/1 of L-arginine (right panels). Islets were then washed and subjected for the indicated periods to a second preincubation either with 10 mmot/1 or arginine (left panels) or without arginine (right panels). Finally, islets were biosynthetically labelled with (35S)methionine for 10 min (see Materials and methods). A 2.5 mmoI/1 of glucose. B 7.5 mmol/l of glucose, C quantitation of B (means of 3 experiments), pi: proinsulin (@), pg: proglucagon ( 9 ps: prosomatostatin ( 9 ppi: preproinsulin (corresponding to 1000 islets) were incubated in a total volume of 300 ~1 translation mixture containing 50 l~Ci (3SS)methionine and 20 I~l microsomal membranes (OD2s0 approximately 50) [12] where indicated. After 60 min incubation at 30~ samples were diluted in 1.0 ml immunoprecipitation buffer [13] . Two ~1 of guinea pig anti-insulin serum (generously supplied by D.F. Steiner, Chicago I11, USA) were added. Conditions for incubation, precipitation by a second antibody (anti guinea pig IgG, Miles, Napervilte, Ill, USA), washing of pripitates and their electrophorefic analysis have been described previously [13] ,
Statistical analysis
Statistical significance levels were calculated by Student's t-test.
Results
Determination of amino acid uptake
Samples of 100 islets were preincubated for I h in 7.5 mmol/1 of glucose either in the absence or presence of 10 mmol/1 of cationic amino acids as described above. Islets were then pelleted and supernatants were replaced by 100 ~tl preincubation medium containing approximately 5 txCi (35S)methionine and fluosescein isothiocyanate (FITC)-labelled BSA (1 mg/ml). The FITC content of this preparation [10] was 8.5 mol per mol of albumin. After 10 rain incubation, islets were pelleted. 10 ~tl aliqots from supernates were diluted to 1.0 ml with Na-phosphate (10 mmol/1), ph 7.0. Remaining supernarants were removed as far as possible and islets were dissolved in 100 ~tl 2% sodium dodecylsulfate with boiling for 3 min. Thereafter, islets lysates were diluted to 1.0 ml with phosphate buffer. The fluorescence of diluted supematants and lysates was measured in a fluor0meter (494 nm/515 nm). Samples were then transferred to scintillation vials with 10 ml Scinti-gel and counted. From the readings of F!TC-fluorescence the data for (35S)methionine uptake in islet tysates were corrected for contaminations from incubation medium.
Cell-free translation and immunoprecipitation
Islet mRNA was isolated by extraction in phenol-chloroform and chromatography on oligo(dT)cellulose(Bethesda Research Laboratoties, BRL, Neu-Isenburg, FRG) [11] . For cell free translation in a nuclease-treated wheat-germ extract (BRL), 100 ~tl of islet mRNA During studies on the influence of amino acids on protein synthesis in isolated islets, a strong inhibitory action of L-arginine was observed. Figure 1 shows the time-course of this effect for isolated islets incubated at 2.5 mmol/1 ( Fig. 1 A) or 7.5 mmol/1 of glucose ( Fig. 1 B and 1 C). The inhibitory action of 10 mmol/1 of L-arginine concerns the formation of almost all islet proteins. It can be demonstrated already after 10 min and comes near to completion after 60 min. If islets are preincubated in arginine, then washed and incubated further in arginine-free medium, the inhibition of protein synthesis is rapidly reversed. This inhibition is most evident for proglucagon formation, whereas prosomatostatin appears to be the only protein in the resolved molecular range whose synthesis remains alsmost unchanged. Proinsulin and most of the other, still unidentified islet proteins are completely inhibited by arginine when incubated in low glucose (2.5 mmol/1, Fig. 1 A) . At elevated glucose concentration (7.5 mmol/ 1, Fig. 1 B and 1 C) the inhibitory action of arginine is still demonstrable but incomplete. Depending on arginine concentrations, the inhibitory influence on proinsulin and proglucagon synthe-sis starts at I to 2 mmol/1 while a half-maximal effect is observed at around 5 mmol/1 of L-arginine in the medium (Fig. 2) . Again, there is no comparable action on prosomatostatin formation.
As may already be concluded from the data of Figure 1 , the degree of inhibition on proinsulin by this amino acid is modulated by the concentration of glucose. appears to be some increase in Figure 3A , incorporation of label into the prosomatostatin band was not reproducibly influenced by glucose in accordance with previous observations [6] . In the presence of 10 mmol/l of L-arginine inhibition of proinsulin synthesis is complete at 2.5 retool/1 of glucose but appears to be gradually diminished by raising the glucose concentration up to 20 mmol/l (Fig. 3 A) . Most of the other islet proteins largely behave like proinsulin, whereas proglucagon inhibition is not reversed by high glucose.
The antagonistic action of arginine and glucose on proinsulin biosynthesis is shown in more detail in Figure 3 B , where the degree of inhibition is expressed in relation to the respective control experiments. At low glucose (2.5 retool/l) already 0.1 to 0.2 retool/1 of L-arginine show some inhibitory action while 2 to 5 mmol/1 depress proinsulin formation completely. At high glucose (20 mmol/1) the inhibitory action of arginine up to 10 mmol/1 is entirely abolished.
The influence of other cationic amino acids on prohormone formation is summarised in Table 1 . L-lysine was found to be as efficient in inhibiting the formation of proinsulin and proglucagon as L-arginine, whereas L-omithine was slightly less active. D-arginine and especially D-lysine were less inhibitory than their respective stereo-isomers. In agreement with preceding experiments on the effect of L-arginine, the formation of prosomatostatin was not reproducibly influenced by any of these amino acids (Table 1) .
Neutral and anionic amino acids were similarly tested at 10 mmol/1 or, in case of poorly soluble amino acids, at saturating concentrations. Some neutral amino acids, i.e. leucine, phenylalanine and cysteine, strongly interfere with the incorporation of (35S)methionine into islet proteins. However, this effect differs from that of cationic amino acids since also the labelling of prosomatostatin is depressed. Moreover, in the C. Patzelt: Inhibitory action on protein synthesis in rat islets case of proinsulin, there is no protective effect of glucose to be observed. These neutral amino acids are likely to interfere with the carrier-mediated transport of (35-S)methionine into islet cells in contrast to cationic amino acids. As shown by the data of Table 2 , there was no significant reduction of the uptake of labelled methionine by either arginine or lysine at the highest concentrations employed in this study, i.e. 10 mmol/1.
In order to get more insight into the mechanism by which cationic amino acids depress protein synthesis in islets, an influence on prohormone conversion was first considered. The possible inhibition of the converting protease(s) may result in the accumulation of unprocessed prohormones and a concomitant slow-down of protein translation. For conversion studies, islets were incubated for a short period in (35S)methionine (pulse) followed by chase-incubation in excess unlabelled methionine for 90 rnin. As is evident from Figure 4A , neither arginine nor lysine have any effect on the formation of prohormonal conversion products when present only during the chase-period. Those products are for proinsulin the insulin chains (i) and an intermediate (ii) which presumably represents the B-chain with the adherent C-peptide resulting from incomplete proinsulin conversion. In case of proglucagon, the major proglucagon fragment (MPGF) [13, 14] is resolved as a conspicuous conversion product, whereas glucagon itself will migrate at the position of the insulin chains.
From fluorographs in Figures I and 3 it is evident that arginine does not induce any important change in the ratio of preproinsulin to proinsulin. Nevertheless, it is conceivable that the described alterations of prohormone synthesis are due to an interference with anchoring and transport of the signal peptide across the endoplasmic reticulum. For this process, cationic amino acids near the N-terminus of the signal peptide are assumed to play a functional role [15] . Therefore, it may be speculated that an excess of free arginine and lysine will competitively occupy anionic binding sites, thus interfering with the vectorial discharge of the nascent peptide chain into the endoplasmic reticulum and bringing protein synthesis to a halt.
To test for this possibility, islet mRNA was translated in a wheat germ extract for the cell-free synthesis of preproinsulin. As shown in Figure 4B , arginine does not influence the formation of preproinsulin in the cell-free system nor does it interfere with its partial conversion to proinsulin by microsomal membranes.
Discussion
From the reported experiments it is possible to make some statements concerning the site of action of cationic amino acids within islet cells. An interference with the uptake of labelled methionine appears rather unlikely, merely by considering the time-course of the effect of arginine. In confirmation of this assumption, the direct measurement of this uptake into pancreatic islets does not show any significant change in the presence of cationic amino acids. The respective data of Table 2 are in agreement with the observation of Lin [16] in that only arginine concentrations higher than 10 mmol/1 interfere with the transport of neutral amino acids.
Focussing thus on intracellular actions of arginine and lysine on the biosynthetic pathway of islet proteins, an inhibition of the various steps in the processing of hormonal precursor can also be excluded. Therefore, the process proper of protein synthesis seems to be influenced. The rapidity of this effect (Fig.l) points to the translational rather than to the transcriptional level.
There is so far no clear evidence that the reported action of cationic amino acids is limited to pancreatic islets. Nevertheless, some of the present data point to a certain tissue specificity. Thus, the cell-free translational system derived from wheat germ is not sensitive to the inhibitory action of arginine. In addition, the relative insensitivity of prosomatostatin formation suggests that suppression of translational activity by cationic amino acids may not be a general phenomenon.
The only features common to those inhibitory amino acids listed in Table I are the positive net charge and a rather long side chain. The comparatively lower action of the respective D-stereoisomers may be explained by their impaired affinity to carder system y+ [17] known as the ubiquitous transport system for arginine and lysine across the cell membrane. Although these amino acids are usually called "basic", there will hardly result any pH-changes from fluctuations of their intracellular levels, pK-values of the guanidinoand the s-amino-group are so far above the intracellular pH-range that these amino acids will not act as bases under physiological conditions. Rather, they may influence the cationic homeostasis within the cell. However, the role of cations in regulating protein synthesis in islets is not quite clear at present. Ca + +-ions appear not to be important for the regulation of insulin biosynthesis [18] , whereas removal of K+-ions from incubation media results in reduced proinsulin formation [19] . The increased effiux of potassium ions provoked by cationic amino acids [20] seems to support a crucial role of K + in mediating their inhibitory effect. Whether this efflux closely follows the concentrationdependency of the arginine effect on proinsulin formation and also the counteraction by glucose remains unknown.
Finally, the question arises whether the reported effects of cationic amino acids are of any physiological importance. There are no data available on the direct measurement of arginine and lysine concentrations in normal islets. In many other tissues, arginine concentrations between 0.1 and 0.2 mmol/1 have been report-245 ed, whereas concentrations of lysine were found to be somewhat higher, i.e. between 0.2 and 0.8 mmol/1 [21] . In extrapolating these data to pancreatic islets, these concentrations would be too low to regulate the formation of proglucagon. However, they would suffice to influence the synthesis of proinsulin, at least at low glucose concentrations. The fluorographs of Figure 1 suggest that proinsulin formation is repressed at low glucose as compared to other islet prohormones. For such a comparison, the presence of only one methionine residue in rat proinsulin II [22] but of two such residues in proglucagon [23] and prosomatostatin [24] , respectively, has to be taken into consideration. On the other hand, the resulting differences in the degree of biosynthetic labelling are compensated by the preponderance of the insulin-producing B cell in islets [25] .
In discussing the possible physiological role, two other observations may be important: (1) Arginine and glucose exert their antagonistic action in a similar molar range (Fig. 3 B) . (2) The time-course of proinsulin inhibition by arginine and its reversal is very similar to that of the rapid translational control by glucose [26] (unpublished data).
From these findings it is hypothesised that cationic amino acids and glucose, or rather a still unidentified metabolite of it, act stoichiometrically as antagonists on proinsulin synthesis. Thus, at low glucose, the physiological levels of cationic amino acids repress proinsulin formation. Increasing glucose supply will lead to a gradual derepression. The concomitantly increased conversion of proinsulin will raise the concentrations of arginine and lysine. Provided these amino acids pass the secretory vesicle membrane, they may exert a feed-back control on insulin synthesis.
Whether K + is the integral regulator or whether the respective metabolites act more directly on the translational process will have to be studied in more detail. Intact cells with their various compartments and metabolic activities are by far too complex models to untangle these molecular mechanisms. For this purpose, a cell-free translational system that is partially or en. tirely reconstituted from components of pancreatic islets will be necessary.
